We present a concept for a multistage Zeeman decelerator that is optimized particularly for applications in molecular beam scattering experiments. The decelerator consists of a series of alternating hexapoles and solenoids, that effectively decouple the transverse focusing and longitudinal deceleration properties of the decelerator. It can be operated in a deceleration and acceleration mode, as well as in a hybrid mode that makes it possible to guide a particle beam through the decelerator at constant speed. The deceleration features phase stability, with a relatively large six-dimensional phase-space acceptance. The separated focusing and deceleration elements result in an unequal partitioning of this acceptance between the longitudinal and transverse directions. This is ideal in scattering experiments, which typically benefit from a large longitudinal acceptance combined with narrow transverse distributions. We demonstrate the successful experimental implementation of this concept using a Zeeman decelerator consisting of an array of 25 hexapoles and 24 solenoids. The performance of the decelerator in acceleration, deceleration, and guiding modes is characterized using beams of metastable helium ( 3 S) atoms. Up to 60% of the kinetic energy was removed for He atoms that have an initial velocity of 520 m/s. The hexapoles consist of permanent magnets, whereas the solenoids are produced from a single hollow copper capillary through which cooling liquid is passed. The solenoid design allows for excellent thermal properties and enables the use of readily available and cheap electronics components to pulse high currents through the solenoids. The Zeeman decelerator demonstrated here is mechanically easy to build, can be operated with cost-effective electronics, and can run at repetition rates up to 10 Hz.
I. INTRODUCTION
In the last two decades, tremendous progress has been made in manipulating the motion of molecules in a molecular beam. Using methods that are inspired by concepts from charged-particle accelerator physics, complete control over the velocity of molecules in a beam can be achieved. In particular, Stark and Zeeman decelerators have been developed to control the motion of molecules that possess an electric and magnetic dipole moment using time-varying electric and magnetic fields, respectively. Since the first experimental demonstration of Stark deceleration in 1998 [1] , several decelerators ranging in size and complexity have been constructed [2] [3] [4] . Applications of these controlled molecular beams are found in high-resolution spectroscopy, the trapping of molecules at low temperature, and advanced scattering experiments that exploit the unprecedented state-purity and/or velocity control of the packets of molecules emerging from the decelerator [5] [6] [7] [8] [9] [10] .
Essential in any experiment that uses a Stark or Zeeman decelerator is a high-particle density of the decelerated packet. For this, it is imperative that the molecules are decelerated with minimal losses, i.e., molecules within a certain volume in six-dimensional (6D) phase space should be kept together throughout the deceleration process [11] . It is a formidable challenge, however, to engineer decelerators that exhibit this so-called phase stability. The problem lies in the intrinsic field geometries that are used to manipulate the beam. In a multistage Zeeman (Stark) decelerator, a series of solenoids (highvoltage electrodes) yield the deceleration force as well as the transverse focusing force. This can result in a strong coupling * basvdm@science.ru.nl between the longitudinal (forward) and transverse oscillatory motions; parametric amplification of the molecular trajectories can occur, leading to losses of particle density [12, 13] .
For Stark decelerators, the occurrence of instabilities can be avoided without changing the electrode design. By operating the decelerator in the so-called s = 3 mode [14] , in which only one third of the electrode pairs are used for deceleration while the remaining pairs are used for transverse focusing, instabilities are effectively eliminated [12, 15] . The high-particle densities afforded by this method have recently enabled a number of high-resolution crossed beam scattering experiments, for instance [16] [17] [18] [19] . For multistage Zeeman decelerators, several advanced switching protocols have been proposed and tested to mitigate losses. Wiederkehr et al. extensively investigated phase stability in a Zeeman decelerator, particularly including the role of the nonzero rise and fall times of the current pulses, as well as the influence of the operation phase angle [20, 21] . Evolutionary algorithms were developed to optimize the switching pulse sequence, significantly increasing the number of particles that exit from the decelerator. Furthermore, inspired by the s = 3 mode of a Stark decelerator, alternative strategies for solenoid arrangements were investigated numerically [20] . Dulitz et al. developed a model for the overall 6D phase-space acceptance of a Zeeman decelerator, from which optimal parameter sets can be derived to operate the decelerator at minimum loss [22] . Dulitz et al. also proposed and implemented schemes to improve the transverse focusing properties of a Zeeman decelerator by applying reversed current pulses to selected solenoids [23] . Yet, despite the substantial improvements these methods can offer, the phase-stable operation of a multistage Zeeman decelerator over a large range of velocities remains challenging.
Recently, a very elegant approach emerged that can be used to overcome these intrinsic limitations of multistage decelerators. So-called traveling-wave decelerators employ spatially moving electrostatic or magnetic traps to confine part of the molecular beam in one or multiple wells that start traveling at the speed of the molecular beam pulse and are subsequently gradually slowed down. In this approach, the molecules are confined in genuine potential wells, and stay confined in these wells until the final velocity is reached. Consequently, these decelerators are inherently phase stable, and no losses occur due to couplings of motions during the deceleration process. The acceptances are almost equal in both the longitudinal and transverse directions, which appears to be particularly advantageous for experiments that are designed to spatially trap the molecules at the end of the decelerator. Both traveling-wave Stark [24, 25] and Zeeman [26] [27] [28] [29] decelerators have been successfully demonstrated. Recently, first experiments in which the decelerated molecules are subsequently loaded into static traps have been conducted [30, 31] .
These traveling-wave decelerators typically feature a large overall 6D acceptance. This acceptance is almost equally partitioned between the longitudinal and both transverse directions. For high-resolution scattering experiments, however, there are rather different requirements for the beam than for trapping. Certainly, phase-stable operation of the decelerator, and the resulting production of molecular packets with high number densities, is essential. In addition, tunability over a wide range of final velocities is important, but the ability to reach very low final velocities approaching zero meters per second is often inconsequential. More important is the shape of the emerging packet in phase space, i.e., the spatial and velocity distributions in both the longitudinal and transverse directions.
Ideally, for scattering experiments the longitudinal acceptance of the decelerator should be relatively large, whereas it should be small in the transverse directions. A broad longitudinal distribution, in the order of a few tens of mm spatially and 10-20 m/s in velocity, is typically required to yield sufficiently long interaction times with the target beam or sample, and to ensure the capture of a significant part of the molecular beam pulse that is available for scattering. In addition, a large longitudinal velocity acceptance allows for the application of advanced phase-space manipulation techniques such as bunch compression and longitudinal cooling to further improve the resolution of the experiment [32] . By contrast, much narrower distributions are desired in the transverse directions. Here, the spatial diameter of the beam should be matched to the size of the target beam and the detection volume; typically, a diameter of several mm is sufficient. Finally, the transverse velocity distribution should be narrow to minimize the divergence of the beam. These desiderata on beam distributions are unfortunately not met by travelingwave decelerators, where the resulting longitudinal (spatial) distributions are smaller and the transverse distributions are larger than what may be considered ideal for scattering experiments.
Here, we describe a concept for a multistage Zeeman decelerator that is optimized for applications in scattering experiments. The decelerator consists of an array of alternating magnetic hexapoles and solenoids, used to effectively decouple the longitudinal and transverse motions of the molecules inside the decelerator. We analyze in detail the performance of the decelerator using numerical trajectory calculations, and we will show that the decelerator exhibits phase stability, with a spatial and velocity acceptance that is much larger in the longitudinal than in the transverse directions. We show that the decelerator is able to both decelerate and accelerate, as well as to guide a packet of molecules through the decelerator at constant speed. We present the successful experimental implementation of the concept, using a multistage Zeeman decelerator consisting of 24 solenoids and 25 hexapoles. The performance of the decelerator in acceleration, deceleration, and guiding modes is characterized using a beam of metastable helium atoms.
In the decelerator presented here, we use copper capillary material in a new type of solenoid that allows for direct contact of the solenoid material with cooling liquid. The solenoid is easily placed inside vacuum, it offers excellent thermal properties, and it allows for the use of low-voltage electronic components that are readily available and cost effective. Together, this results in a multistage Zeeman decelerator that is relatively easy and cheap to build, and that can be operated at repetition rates up to 10 Hz. This paper is organized as follows. In Sec. II, we first describe the concept of the multistage Zeeman decelerator and characterize its inherent performance with numerical simulations. For this, we use decelerators of arbitrary length and the NH (X 3 − ) radical as an example, as this molecule is one of our target molecules for future scattering experiments. In the simulations, we use the field geometry as induced by the experimentally proven solenoid used in the Zeeman decelerator at ETH Zürich [21] . In Sec. III, we describe in a proof-of-principle experiment the successful implementation of the concept. Here, we use metastable helium atoms, as this species can be decelerated significantly using the relatively short decelerator presently available.
II. ZEEMAN DECELERATOR CONCEPT AND DESIGN
The multistage Zeeman decelerator we propose consists of a series of alternating hexapoles and solenoids, as is shown schematically in Fig. 1 . The lengths of the hexapoles and solenoids are almost identical. To simulate the magnetic field generated by the solenoids, we choose parameters that are similar to the ones used in the experiments by Wiederkehr et al. [21] . We assume a solenoid with a length of 7.5 mm, an inner and outer diameter of 7 and 11 mm, respectively, through which we run maximum currents of 300 A. Furthermore, we set the inner diameter to 3 mm for molecules to pass through. These solenoids can, for instance, be produced by winding enameled wire in multiple layers, and the current through these solenoids can be switched using commercially available high-current switches. With these levels of current, this solenoid can create a magnetic field strength on the molecular beam axis as shown in Fig. 2(a) ; the radial profiles of the field strength at a few positions z along the beam axis are shown in panel Fig. 2(b) . It is shown that the solenoid creates a concave field distribution near the center of the solenoid, whereas a mildly convex shape is produced outside the solenoid. The hexapoles have a length of 8.0 mm, are separated by a distance D = 4 mm from the solenoids, and produce a magnetic field that is zero on the molecular beam axis but that increases quadratically as a function of the radial off-axis position r [see Fig. 2(c) ]. We assume that the maximum magnetic field strength amounts to 0.5 T at a radial distance r = 1.5 mm from the beam axis. Such magnetic field strengths are readily produced by arrangements of current-carrying wires, permanent magnets [33, 34] , or a combination of both [35] .
The key idea behind this Zeeman decelerator concept is to effectively decouple the longitudinal and transverse motions of the molecules inside the decelerator. The fields generated by the solenoids are used to decelerate or accelerate the beam, but their mild transverse focusing and defocusing forces are almost negligible compared to the strong focusing effects of the hexapoles. These hexapoles, in turn, hardly contribute to the longitudinal deceleration forces. As we will discuss more quantitatively in the next sections, this stabilizes molecular trajectories and results in phase stability.
Decelerators in which dedicated and spatially separated elements are used for transverse focusing and longitudinal deceleration have been considered before [13, 36] . In chargedparticle accelerators, such separation is common practice, and the detrimental effects of elements that affect simultaneously the longitudinal and transverse particle motions are well known [37] . The insertion of focusing elements between the mechanically coupled deceleration electrodes in a Stark decelerator appears technically impractical, however. By contrast, the relatively open structure of individually connected solenoids in a Zeeman decelerator allows for the easy addition of focusing elements. In addition, magnetic fields generated by adjacent elements are additive; shielding effects of nearby electrodes that are a common problem when designing electric field geometries do not occur.
The insertion of hexapoles further opens up the possibility to operate the Zeeman decelerator in three distinct modes that allow for either deceleration, acceleration, or guiding the molecular packet through the decelerator at constant speed. These operation modes are schematically illustrated in the lower half of Fig. 1 . In the description of the decelerator, we use the concepts of an equilibrium phase angle φ 0 and a synchronous molecule from the conventions used to describe Stark decelerators [1, 38] . The definition of φ 0 in each of the modes is illustrated in Fig. 1 , where 0
• is defined as the relative position along the beam axis where the magnetic field reaches half the strength it has at the solenoid center. In deceleration mode, the solenoids are switched on before the synchronous molecule arrives in the solenoid, and switched off when the synchronous molecule has reached the position corresponding to φ 0 . In acceleration mode, the solenoid is switched on when the synchronous molecules have reached the position corresponding to φ 0 , and it is only switched off when the synchronous molecule no longer experiences the field induced by the solenoid. In hybrid mode, two adjacent solenoids are simultaneously activated to create a symmetric potential in the longitudinal direction. For this, each solenoid is activated twice: once when the synchronous molecule approaches, and once when the synchronous molecule exits the solenoid.
In this description we neglected the nonzero switching time of the current in the solenoids. In our decelerator, however, the current pulses feature a rise time of about 8 μs, as will be explained in more detail in Sec. II A. In the simulations, the full current profile is taken into account; we will adopt the convention that the current has reached half of the maximum value when the synchronous particle reaches the φ 0 position. This switching protocol ensures that in hybrid mode with φ 0 = 0
• , the molecules will receive an equal amount of acceleration and deceleration, in analogy with operation of a Stark decelerator with φ 0 = 0
• . The kinetic energy change K that the synchronous molecule experiences per stage is shown for each mode in Fig. 3(a) . In this calculation we assume the NH radical in its electronic ground state, that has a 2 − μ B magnetic dipole moment (vide infra). In the deceleration and acceleration modes, the full range of φ 0 (−90
• to 90 • ) can be used to reduce and increase the kinetic energy, respectively. In hybrid mode, deceleration and acceleration are achieved for 0
• < φ 0 90
• and −90
• φ 0 < 0 • , respectively, whereas the packet is transported through the decelerator at constant speed for φ 0 = 0
• . The maximum value for K that can be achieved amounts to approximately 1.5 cm −1 .
A. Numerical trajectory simulations
The operation characteristics of the Zeeman decelerator are extensively tested using numerical trajectory simulations. In these simulations, it is essential to take the temporal profile of the current pulses into account. Unless stated otherwise, we assume single-pulse profiles as illustrated in Fig. 4(a) . The current pulses feature a rise time of approximately 8 μs, then a variable hold-on time during which the current has a constant value of 300 A. The current exponentially decays to a lingering current of 15 A with a characteristic decay time of 5 μs, as can be created by switching the current to a simple resistor in the electronic drive unit. This lingering current is only switched off at much later times, and is introduced to prevent Majorana transitions as will be explained in Sec. II C. Furthermore, we assume that the hexapoles are always active when molecules are in their proximity.
In these simulations, we use NH radicals in the X 3 − ,N = 0,J = 1 rotational ground state throughout. The Zeeman effect of this state is shown in Fig. 4(b) . NH radicals in the low-field seeking M = 1 component possess a magnetic moment of 2μ B , and experience a linear Zeeman shift. NH radicals in this state have a relatively small mass-to-magnetic moment ratio of 7.5 amu/μ B , making NH a prime candidate for Zeeman deceleration experiments. Our findings are easily translated to other species by appropriate scaling of this ratio, in particular for species that also have a linear Zeeman shift (such as metastable helium, for instance).
The inherent 6D phase-space acceptance of the decelerator is investigated by uniformly filling a block-shaped area in 6D phase space, and by propagating each molecule within this volume through a decelerator that consists of 100 solenoids and 100 hexapoles. In the range of negative φ 0 in deceleration mode and positive φ 0 for acceleration mode, we instead used 200 pairs of solenoids and hexapoles to spatially separate the molecules within the phase-stable area from the remainder of the distribution. This is explained in the Appendix. The uniform distributions are produced using six unique Van der Corput sequences [39] . For each of the three operation modes, the resulting longitudinal phase-space distributions of the molecules in the last solenoid of the decelerator are shown in Fig. 5 for three different φ 0 . The separatrices that follow from the one-dimensional (1D) model for phase stability that explicitly takes the temporal profiles of the currents into account, as described in detail by Dulitz et al. [22] , are given as a cyan overlay.
In each simulation, the synchronous molecule has an initial velocity chosen such that the total flight time is approximately 4. It is shown that in all operation modes and for all values of φ 0 , the separatrices accurately describe the longitudinal acceptances of the decelerator. For larger values of |φ 0 |, the sizes of the separatrices are reduced, reflecting the smaller size and depth of the effective time-averaged potential wells. Note the symmetric shape of the separatrix when the decelerator is operated in hybrid mode with φ 0 = 0
• , corresponding to guiding of the packet through the decelerator at constant speed. The transmitted particle density is slightly less in hybrid mode than in other modes, which indicates that the transverse acceptance is not completely independent of the solenoid fields. However, in each mode of operation the regions in phase space accepted by the decelerator are homogeneously filled; no regions with a significantly reduced number of molecules are found. This is a strong indication that the decelerator indeed features phase stability.
The transverse acceptance is found to be rather independent of φ 0 , and is shown in Fig. 6 for φ 0 = 0
• only. It can be seen that the transverse acceptance is typically smaller than the longitudinal acceptance, in accordance with our desideratum for molecular beam scattering experiments. Note that the transverse (velocity) acceptance can be modified independently from the deceleration and acceleration properties of the decelerator, simply by adjusting the field strength of the hexapoles.
Additionally, trajectory simulations can be used to quantify the overall 6D acceptance of the decelerator. Because of the uniform initial distribution, all particles that are propagated represent a small but equal volume in phase space. At the end of the decelerator, the particles within a predefined range with respect to the synchronous particle are counted, yielding the volume in phase space occupied by these particles. In the simulations, the initial "block" distribution is widened until the number of counted particles increases no further. We define the corresponding phase-space volume as the acceptance of the decelerator. The resulting 6D acceptance is shown for each operation mode in Fig. 3(b) .
Operating in hybrid mode results in the typical triangleshaped acceptance curve as a function of φ 0 that is also found for Stark decelerators. A maximum 6D phase-space acceptance of approximately 1.2 × 10 6 mm 3 (m/s) 3 is found for φ 0 = 0
• , and drops below 10 5 mm 3 (m/s) 3 at large |φ 0 |. A peculiar effect is seen in the deceleration and acceleration modes for φ 0 < 0
• and φ 0 > 0 • , respectively. Here, the acceptance largely exceeds the acceptance for φ 0 = 0
• , and approaches values of 6 × 10 6 mm 3 (m/s) 3 . This is a special consequence of the continuously acting focusing forces of the hexapoles, and will be discussed in more detail in the Appendix.
Although one has to be careful to derive the merits of a decelerator from the 6D phase-space acceptance alone, it is instructive to compare these numbers to the phase-space acceptances found in other decelerators. Conceptually, the hybrid mode of our Zeeman decelerator is compared best to the s = 3 mode of a Stark decelerator. For the latter, Scharfenberg et • -45
• are used [21] . The acceptance of the multistage Zeeman decelerator developed by Raizen and co-workers, also referred to as a magnetic coil gun, was reported to have an upper limit of 10 5 mm 3 (m/s) 3 [3] . The highest 6D acceptances to date are found in traveling-wave decelerators, mostly thanks to the large transverse acceptances of these decelerators. The maximum acceptance of the traveling-wave Zeeman decelerator of Narevicius and co-workers, for instance, amounts to 2 × 10 7 mm 3 (m/s) 3 for Ne ( 3 P 2 ) atoms [28] .
B. Phase stability
The numerical trajectory simulations yield very strong indications that the molecules are transported through the Zeeman decelerator without loss, i.e., phase stable operation is ensured. We support this conjecture further by considering the equation of motion for the transverse trajectories, using a model that was originally developed to investigate phase stability in Stark decelerators [12] . In this model, we consider a (nonsynchronous) molecule with initial longitudinal position z i relative to the synchronous molecule, which oscillates in longitudinal phase space around the synchronous molecule with longitudinal frequency ω z . In other words, during this motion the relative longitudinal coordinate φ oscillates around the synchronous value φ 0 . In the transverse direction, the molecule oscillates around the beam axis with transverse frequency ω r , which changes with φ. In Fig. 7 , the longitudinal and transverse oscillation frequencies are shown that are found when the Zeeman decelerator is operated in hybrid mode with φ 0 = 0
• . For deceleration and acceleration modes, rather similar frequencies are found (data not shown). It can be seen that the transverse oscillation frequency largely exceeds the longitudinal oscillation frequency. As we will show below, this eliminates the instabilities that have deteriorated the phasespace acceptance of multistage Stark and Zeeman decelerators in the past [12, 13, 20, 21] . During its motion, a molecule experiences a time-dependent transverse oscillation frequency that is given by [12] 
where ω 0 and A are constants that characterize the oscillatory function. The resulting transverse equation of motion is given by the Mathieu differential equation
Depending on the values of a and q, the solution of this equation exhibits stable or unstable behavior. This is illustrated in Fig. 8 that displays the Mathieu stability diagram. Stable and unstable solutions exist for combinations of a and q within the white and gray areas, respectively. For each operation mode of the decelerator, and for a given phase angle φ 0 , the values for the parameters a and q can be determined from the longitudinal and transverse oscillation frequencies of Fig. 7 .
The resulting values for the parameters q and a as a function of z i are shown in Figs. 8(a) and 8(b), for the decelerator running in hybrid mode with φ 0 = 0 • . The (a,q) combinations that govern the molecular trajectories for this operation mode are included as a solid red line in the stability diagram shown in Fig. 8(c) . Clearly, the red line circumvents all unstable regions, and only passes through the unavoidable "vertical tongues" where they have negligible width. These narrow strips do not cause unstable behavior for decelerators of realistic length. The unstable areas in the Mathieu diagram are avoided because of the high values of the parameter a. This same result was found for the other operation modes and equilibrium phase angles. We thus conclude that the insertion of hexapoles effectively decouples the transverse motion from the longitudinal motion; the Zeeman decelerator we propose is inherently phase stable, and can in principle be realized with arbitrary length.
C. Prevention of Majorana losses
An important requirement in devices that manipulate the motion of molecules using externally applied fields is that the molecules remain in a given quantum state as they spend time in the device. As the field strength approaches zero, different quantum states may become (almost) energetically degenerate, resulting in a possibility for nonadiabatic transitions. This may lead to loss of particles, which is often referred to as Majorana losses.
The occurrence of nonadiabatic transitions has been studied extensively for neutral molecules in electric traps [40] , as well as for miniaturized Stark decelerators integrated on a chip [41] . Tarbutt and co-workers developed a theoretical model based on the time-dependent Hamiltonian for the field-molecule interaction, and quantitatively investigated the transition probability as the field strength comes close to zero, and/or if the field vector rotates quickly relative to the decelerated particles [42] .
In the multistage Zeeman decelerators that are currently operational, losses due to nonadiabatic transitions can play a significant role [43] . Specifically, when switching off a solenoid right as the particle bunch is near the solenoid center, there will be a moment in time where no well-defined magnetic quantization field is present. In previous multistage Zeeman decelerator designs, this was compensated by introducing a temporal overlap between the current pulses of adjacent solenoids, effectively eliminating nonadiabatic transitions [43] . In the Zeeman decelerator concept presented in this paper, this solution is not available since adjacent solenoids are separated by hexapole elements. The hexapoles induce only marginal fringe fields, and do not contribute any magnetic field strength on the molecular beam axis.
Referring back to Fig. 4(a) , we introduce a quantization field throughout the hexapole-solenoid array by switching each solenoid to a low-level lingering current when the high-current pulse is switched off. Since the fringe field of a solenoid extends beyond the geometric center of adjacent hexapoles, and since in the center of the solenoid the maximum magnetic field per unit of current is created, a lingering current of approximately 15 A is sufficient to provide a minimum quantization field of 0.1 T. The resulting sequences of current profiles through the solenoids with number n, n + 1 and n + 2 are shown in the upper half of Fig. 9 for the deceleration [ Fig. 9(a) ] and hybrid modes [ Fig. 9(b) ]. The profiles for acceleration mode are not shown here, but they feature the low current before switching to full current, instead of a low current after. The lingering current exponentially decays to its final value, and lasts until the next solenoid is switched off. In Figs. 9(c) and 9(d), the corresponding magnetic field strength is shown that is experienced by the synchronous molecule as it propagates through the decelerator (blue curves), together with the field that would have resulted if the solenoid were switched off with a conventional ramp time (red curves). Clearly, the low-level current effectively eliminates the zero-field regions.
From model calculations similar to the ones developed by Tarbutt and co-workers [42] , we expect that the magnetic field vector inside the solenoids will not rotate fast enough to induce nonadiabatic transitions, provided that all solenoid fields are oriented in the same direction. We therefore conclude that the probability for nonadiabatic transitions is expected to be negligible for the Zeeman decelerator concept proposed here.
One may wonder how the addition of the slowly decaying lingering current affects the ability to efficiently accelerate or decelerate the molecules. This is illustrated in Figs. 9(e) and 9(f) that display the acceleration rate experienced by the synchronous molecule. The acceleration follows from −( U Z )/m, where U Z is the Zeeman energy for NH (X 3 − ,N = 0,J = 1,M = 1) induced by the time-varying magnetic field B(T), and m is the mass of the NH radical. It is seen that the lingering current only marginally affects the acceleration force; a slight additional deceleration at early times is compensated by a small acceleration when the synchronous molecule exits the solenoid. Overall, the resulting values for K with or without lingering current, as obtained by integrating the curves in Figs. 9(e) and 9(f), are almost identical (data not shown).
D. Excessive focusing at low velocities
A common problem in multistage decelerators is the occurrence of losses due to excessive focusing at low forward velocities. This effect has been studied and observed in multistage Stark decelerators that operate in the s = 1 or 3 modes, where losses occur below approximately 50 or 150 m/s, respectively [13, 15] . Our concept for a multistage Zeeman decelerator shares these overfocusing effects at low final velocities, which may be considered a disadvantage over traveling-wave decelerators, which are phase stable down to near-zero velocities.
At relatively high velocities, the hexapole focusing forces can be seen as a continuously acting averaged force, keeping the molecules confined to the beam axis. However, at low velocities this approximation is no longer valid, and the molecules can drift from the beam axis between adjacent hexapoles. We investigate the expected losses using similar numerical trajectory simulations as discussed in Sec. II A, i.e., we again assume a Zeeman decelerator consisting of 100 hexapole-solenoid pairs. We assume packets of molecules with five different mean initial velocities ranging between v in = 350 and 550 m/s, and these packets are subsequently propagated through the decelerator. The decelerator is operated in hybrid mode, and can be used with different values for φ 0 . Since we assume a 100-stage decelerator throughout, the packets emerge from the decelerator with different final velocities.
In Fig. 10 , we show the number of decelerated particles that are expected at the end of the decelerator as a function of φ 0 [ Fig. 10(a) ] or as a function of the final velocity [ Fig. 10(b) ]. For low values of φ 0 , the transmitted number of molecules is (almost) equal for all curves; the slightly higher transmission for higher values of v in is related to the shorter flight time of the molecules in the decelerator. Consequently, molecules that are not within the inherent 6D phase-space acceptance of the decelerator can still make it to the end of the decelerator, and are counted in the simulations. For higher values of φ 0 , the transmitted number of molecules decreases, reflecting the reduction of the phase-space acceptance for these phase angles. This is particularly clear for the blue and green curves (v in = 550 and 500 m/s, respectively), which follow the 6D phasespace acceptance curve from Fig. 3(b) . The three other curves The production of final velocities below this drop-off velocity is not a prime requirement in crossed beam scattering experiments, as the collision energy is determined by the velocities of both beams and the crossing angle between the beams. Very low collision energies can be reached using small crossing angles, relaxing the requirements on the final velocities of the reagent beams. For these applications we therefore see no direct need to combat these overfocusing effects. However, there are several promising options to mitigate these effects if desired. The first option is to employ hexapoles with a variable strength, such that the transverse oscillation frequency can be tuned along with the decreasing velocity of the molecular packet. Similarly, permanent hexapoles with different magnetization can be installed to modify the focusing properties. Finally, it appears possible to merge a hexapole and solenoid into a single element by superimposing a hexapole arrangement on the outer diameter of the solenoid. Although technically more challenging, this approach will provide an almost continuously acting transverse focusing force, while keeping the possibility to apply current pulses to the solenoids. Preliminary trajectory simulations suggest that indeed a significant improvement can be achieved, but the validity of these approaches will need to be investigated further if near-zero final velocities are required.
III. EXPERIMENTAL IMPLEMENTATION

A. Multistage Zeeman decelerator
An overview of the experiment is shown in Fig. 11 . The generation and detection of the metastable helium beam will be discussed in Sec. III B; in this section we will first describe the decelerator itself, starting with a description of the solenoids and associated electronics.
An essential part in a multistage Zeeman decelerator is the design of the deceleration solenoids, and the cooling strategy to remove the dissipated energy. A variety of solenoid designs have been implemented successfully in multistage Zeeman decelerators before. Merkt and co-workers utilized tightly wound solenoids of insulated copper wire that were thermally connected to water-cooled ceramics [44] . Later, FIG. 11 . Schematic representation of the experimental setup. The main components are 1, cold head; 2, Even-Lavie valve; 3, pinhole discharge; 4, hot filament; 5, skimmer; 6, hexapole; 7, solenoid; 8, MCP detector; 9, turbomolecular pump. similar solenoids were placed outside a vacuum tube, and submerged in a bath of cooling water [45] . This improved the cooling capacity, and enabled the experiment to operate at repetition rates of 10 Hz. Raizen and co-workers also developed a multistage Zeeman decelerator, referred to as the atomic or molecular coil gun, that is based on solenoids encased in high-permeability material to increase the on-axis maximum magnetic field strength [46, 47] . Recently, different types of traveling-wave Zeeman decelerators have been developed, which consist of numerous spatially overlapping quadrupole solenoids [28] or a helical wire arrangement to produce the desired magnetic field [26] .
In the decelerator presented here, we use a new type of solenoid that is placed inside vacuum, but that allows for direct contact of the solenoid material with cooling liquid. The solenoids consist of four windings of a copper capillary that are wound around a 3-mm bore diameter. The capillary has an inner diameter of 0.6 mm and an outer diameter of 1.5 mm, and cooling liquid is circulated directly through the capillary. The solenoid is wound such that the first and last windings end with a straight section of the capillary, as is shown in a photograph of a single solenoid in Fig. 12(b) . These straight sections are glued into an aluminum mounting flange, as will be further discussed later. The inherent magnetic field profile generated by this solenoid is very similar to the solenoids as used in the simulations presented in Sec. II.
The use of a single layer of rather thick copper capillary as solenoid material in a Zeeman decelerator is unconventional, but it has some definite advantages. Because of the lowresistance copper capillary, small operating voltages (24 V) are sufficient to generate currents of approximately 4.5 kA that produce a maximum field of 2.2 T on the solenoid axis. This in turn allows for the use of FET-based electronics components to switch these currents, which are considerably cheaper than their high-voltage IGBT-based counterparts. The same holds for the power supplies that deliver the current. By running cooling liquid directly through the solenoid capillary, the solenoids are efficiently cooled. The low operation voltage ensures that the cooling liquid does not conduct any significant electricity.
The current pulses are provided by specially designed circuit boards; one such board is displayed in Fig. 13(b) . Each solenoid is connected to a single board that is mounted directly onto the solenoid-flange feedthroughs in order to minimize power loss between board and solenoid. Brass strips are used to mechanically clamp the board to the capillary material. The simplified electronic circuit is shown schematically in Fig. 13(a) . The circuit board is mostly occupied by a parallel array of capacitors, with a total capacitance of 70 mF. The capacitors are charged by a 24-V power supply and then discharged through the connected solenoid. The solenoids have a very low resistance R C of about 1 m and self-inductance L C of about 50 nH, even compared to the electronic circuit itself. The capacitors are discharged via two possible pathways indicated in red and green, respectively, by activating the two independent gates S1 and S2. Closing gate S1 will allow electrons to flow through the solenoid, generating a maximum current of about 4.5 kA. Closing gate S2 will send the flow through both the solenoid and a 100-m resistor that limits the current to about 150 A. When both gates are opened, any remaining power in the solenoid will either dissipate in the electrical components along pathway 3 (in blue) or return to the capacitors. The electronic configuration is able to apply up to two consecutive pulses to each solenoid, as is required for the hybrid mode of operation.
As an example, the current profiles for a single pulse or double pulse are shown in Figs. 13(c) and 13(d) , respectively, together with the trigger pulses that activate gates S1 and S2. These profiles were obtained from the induced voltage over a miniature solenoid that was placed inside the center of a decelerating solenoid [21] . The current pulse is initiated by closing gate S1, after which the solenoid current shows a rapid rise to a maximal current of approximately 4.5 kA. After reopening gate S1, the current exponentially decreases with a time constant of 10 μs. Gate S2 is programed to close automatically for a fixed duration of 50 μs, starting 30 μs after the reopening of S1. While gate S2 is closed, a lowlevel lingering current is maintained in the solenoid to prevent Majorana transitions (see Sec. II C), providing a quantization field for atoms or molecules that are near the solenoid.
The solenoids and electronics boards are actively cooled using a closed-cycle cooling system. An approximately 10-cmlong capillary section is soldered onto each electronics board, and each capillary is connected in series to its connecting solenoid using silicon tubes. All board-solenoid pairs are individually connected to a main and return cooling line, using the same flexible silicon material. Each electronics board is additionally cooled by a small fan. Using this cooling system, relatively low operation temperatures are maintained despite the high currents that are passed through the solenoid. In the experiments shown here, the Zeeman decelerator is routinely operated with a repetition frequency of 10 Hz, while the temperature of the solenoids is kept below 40
• C. The solenoids are pulsed in a predefined time sequence designed to control the longitudinal velocity of a specific paramagnetic particle. This time sequence is calculated while taking current profiles into account that are modeled after the measured profiles shown in Fig. 13(b) . The resulting pulse sequence for gates S1 and S2 is programed into a pattern generator (Spincore PulseBlaster PB24-100-4k), which sends pulse signals to each individual circuit board. The temperature of each solenoid is continuously monitored via a thermocouple on the connecting clamps of the circuit board. When the temperature of the solenoid exceeds a user-set threshold, operation of the decelerator is interrupted.
The magnetic hexapoles consist of six wedge-shaped permanent magnets in a ring, as seen in Fig. 12(a) . Adjacent magnets in the ring have opposite radial remanence. The inner diameter of the hexapole is 3 mm and the length is 8 mm, such that these dimensions match approximately to the corresponding solenoid dimensions. The magnets used in this experiment are based on NdFeB (grade N42SH) with a remanence of approximately 450 mT. The advantage of using hexapoles consisting of permanent magnets is twofold: first, implementation is mechanically straightforward, and second, no additional electronics are needed to generate the focusing fields. However, this approach lacks any tunability of the field strength. This can in part be overcome by selectively removing hexapoles from the decelerator or by exchanging the magnets for ones with a different magnetization. If required, electromagnetic hexapoles that allow for tunability of the field strength can be used instead. We have built and successfully operated hexapoles that are made of the solenoid capillary material, and could optimize their focusing strength by simply adjusting the time these hexapoles are switched on. However, we found that similar beam densities were achieved using the permanent hexapoles, and experiments with electromagnetic hexapoles are not further discussed here.
The decelerator contains 24 solenoids and 25 hexapoles that are placed with a center-to-center distance of 11 mm inside a vacuum chamber. The chamber consists of a hollow aluminum block of length 600 mm with a squared cross section of side lengths 40 mm. This chamber is made by machining the sides of standard aluminum pipe material with an inner diameter of 20 mm. Solenoids and hexapoles are mounted on separate flanges, as can be seen in Fig. 12 , such that each element can be installed or removed separately. The first and last element of the decelerator is a hexapole to provide transverse focusing forces at the entrance and exit of the decelerator, respectively. Openings for the individual flanges on the decelerator housing spiral along the sides between subsequent elements, with clockwise 90
• rotations. In this way there is enough space on each side of the decelerator to accommodate the electronics boards of the solenoids, which have a 42-mm height. In addition, since subsequent solenoids are rotated by 180
• in the decelerator, any asymmetry in the magnetic field because of the relatively coarse winding geometry is compensated.
Vacuum inside the decelerator housing is maintained by a vacuum pump installed under the detection chamber, which has an open connection to the decelerator housing. Only a minor pressure increase in the chamber is observed if the solenoids are operational, reflecting the relatively low operational temperature of the solenoids. Although for long decelerators additional pumping capacity inside the decelerator is advantageous, we find that for the relatively short decelerator used here the beam density is hardly deteriorated by collisions with background gas provided the repetition rate of the experiment is below 5 Hz. Under these conditions, the pressure in the decelerator maintains below 5 × 10 −7 mbar.
B. Metastable helium beam
A beam of helium in the metastable (1s)(2s) 3 S (m S = 1) state (from this point He*) was used to test the performance of the Zeeman decelerator. While not the first instance of Zeeman deceleration of this species [48] , helium was chosen for two main reasons. First, He* has a small mass-to-magneticmoment ratio (2.0 amu/μ B ) with a large Zeeman shift, which allows for effective manipulation of the atom with magnetic fields. This allows us to significantly vary the mean velocity of the beam despite the relatively low number of solenoids. Second, He* can be measured directly with a microchannel plate (MCP) detector, without the need for an ionizing laser, such that full time-of-flight (TOF) profiles can be recorded in a single shot. This allows for a real-time view of TOF profiles when settings of the decelerator are changed, and greatly facilitates optimization procedures.
The beam of He* is generated by expanding a pulse of neat He atoms into vacuum using a modified Even-Lavie valve (ELV) [49] that is cooled to about 16 K using a commercially available cold head (Oerlikon Leybold). At this temperature, the mean thermal velocity of helium is about 460 m/s. The ELV nozzle is replaced by a discharge source consisting of alternating isolated and conducting plates, similar to the source described by Ploenes et al. [50] . The discharge occurs between the conducting plates, where the front plate is kept at −600 V and the back plate is grounded. To ignite the discharge, a hot filament running 3 A of current is used. The voltage applied to the front plate is pulsed (20-30 μs duration) to reduce the total energy dissipation in the discharge. Under optimal conditions, a beam of He* is formed, with a mean velocity just above 500 m/s. Unless stated otherwise, in the experiments presented here, the decelerator is programed to select a packet of He* with an initial velocity of 520 m/s.
The beam of He* passes through a 3-mm-diameter skimmer (Beam Dynamics, model 50.8) into the decelerator housing. The first element (a hexapole) is positioned about 70 mm behind the skimmer orifice. The beam is detected by an MCP detector that is positioned 128 mm downstream from the exit of the decelerator. This MCP is used to directly record the integrated signal from the impinging He* atoms.
IV. RESULTS AND DISCUSSION
A. Longitudinal velocity control
As explained in Sec. II, the decelerator can be operated in three distinct modes of operation: in deceleration or acceleration modes, the atoms are most efficiently decelerated or accelerated, respectively, whereas in the so-called hybrid mode of operation, the beam can be transported or guided through the decelerator at constant speed (some mild deceleration or acceleration is in principle also possible in this mode). In this section, we present experimental results for all three modes of operation.
We will start with the regular deceleration mode. In Fig. 14, TOF profiles for He* atoms exiting the decelerator are shown that are obtained when the decelerator is operated in deceleration mode, using different values for the equilibrium phase angle φ 0 . In the corresponding pulse sequences, the synchronous atom is decelerated from 520 to 365, 347, and The experimental TOF profiles are compared with profiles that result from three-dimensional trajectory simulations. In these simulations, an initial beam distribution is assumed that closely resembles the He* pulse generated by the modified ELV. The resulting TOF profiles are shown in red, vertically offset from the measured profiles for clarity. The simulated profiles show good agreement with the experiment, both in relative intensity and arrival time of the peaks. However, it must be noted that the relative intensities are very sensitive to the chosen parameters of the initial He* pulse. By virtue of the supersonic expansion and discharge processes, these distributions are often not precisely known, and may vary from day to day. Nevertheless, the agreement obtained here, in particular regarding the overall shape of the TOF profiles and the predicted arrival times of the decelerated beam, suggests that the trajectory simulations accurately describe the motion of atoms inside the decelerator. No indications are found for unexpected loss of atoms during the deceleration process, or for behavior that is not described by the simulations.
The profiles presented in Fig. 14 show more features than the decelerated packets alone. In particular, there is an additional decelerated peak in each of the graphs that is more intense but slightly faster than the decelerated packet. We use the three-dimensional trajectory simulations to study the origin of this feature. In Fig. 15 situation that results in the TOF profiles presented in Fig. 14(a) , i.e., the decelerator is operated in deceleration mode with φ 0 = 30
• . In these phase-space distributions, the gray contour lines depict the predicted trajectories considering the time-averaged Zeeman potential energy. The separatrix of the stable phasespace is highlighted with a cyan overlay. From this evolution of the longitudinal phase-space distribution, we can understand the origin of various pronounced features in the TOF profiles. The first peak in each TOF profile is a collection of the fastest particles in the initial beam distribution. These particles are hardly affected by the solenoids, and propagate to the detector almost in free flight. However, the part of the beam that is initially slower than the synchronous molecule is strongly affected by the solenoids. This part eventually gains in velocity relative to the decelerated bunch, resulting in an ensemble of particles with a relatively high density. This part arrives at the detector just before the decelerated He* atoms, resulting in the second intense peak in the TOF profiles of Fig. 14 . It is noted that this peak appears intense because our decelerator is rather short, leaving insufficient time for the decelerated bunch to fully separate from the initial beam distribution. For longer decelerators, the part of the beam that is not enclosed by the separatrix will gradually spread out, and its signature in the TOF profiles will weaken.
The phase-space distributions that are found at the end of the decelerator may also be used to determine the velocity 043415-11 For completeness, we also measure a TOF profile when the decelerator is operated in acceleration mode. Figure 16 Finally, we study the performance of the decelerator in hybrid mode. This mode of operation allows for guiding of the beam through the decelerator at constant speed. In Fig. 16(b) , a TOF profile is shown when the decelerator is operated in hybrid mode and φ 0 = 0
• , selecting an initial velocity of 520 m/s. The simulated TOF profile (red trace) again shows good agreement with the experimental TOF profile (black trace), although the intensity ratios between the guided part and the wings of the distributions are slightly different in the simulations than in the experiment. This is attributed to the idealized initial atom distribution that is assumed in the simulations.
B. Presence of metastable helium molecules
While our experiment is designed to decelerate He* atoms in the 3 [51, 52] . However, He 2 * is indistinguishable from He* in our detection system. In order to probe both species separately, mass selective detection using a nonresonant laser ionization detection scheme is used. Ultraviolet (UV) laser radiation with a wavelength of 243 nm is produced by doubling the light from an Nd:YAG-pumped pulsed dye laser running with Coumarin 480 dye, and focused into the molecular beam close to the exit of the decelerator. The resulting ions are extracted with an electric field of about 1 kV/cm and accelerated towards an MCP detector, where the arrival time of the ions reflects their mass over charge ratio.
We used this detection scheme to investigate the chemical composition of the beam that exits the Zeeman decelerator. In Fig. 17 , ion TOF spectra (i.e., the arrival times of the ions at the MCP detector with respect to the laser pulse) are shown. The black trace shows the ion TOF spectrum if the beam of He* atoms is passed through the decelerator without operating the solenoids. The UV laser is fired at the mean arrival time of the beam in the laser ionization region. Two peaks are clearly visible corresponding to the expected arrival time of He + and He + 2 , confirming that indeed He 2 molecules are created in the discharge. He atoms and molecules are detected in an 8:1 ratio in the neutral beam.
The green trace in Fig. 17 shows the ion TOF spectra that are recorded when the solenoids are operated for a typical deceleration sequence similar to the ones used to generate Fig. 14. This trace was taken when the UV laser selectively detects the decelerated part of the He* beam. Here, only He + is present in the ion TOF spectrum. Although He 2 * has the same magnetic moment as He* and will thus experience the same force, the double mass of the molecule results in only half the acceleration. He 2 * is therefore not decelerated at the same rate as He*, and will not exit the decelerator at the same time as the decelerated He* atoms. In conclusion, the Zeeman decelerator is quite effective in separating He* from the He 2 *; the decelerated bunch only contains those species and/or particles in the quantum level for which the deceleration sequence was calculated.
Referring back to Figs. 14 and 16 that were recorded without laser-based mass spectroscopic detection, one may wonder how the presence of He 2 molecules in the beam affects the recorded TOF profiles. Figure 18 revisits the measurement from Fig. 14(a) , but taking also He 2 molecules into account with the appropriate ratio to generate the simulated TOF profile. The resulting TOF profile for He 2 * molecules is shown FIG. 18 . TOF profile from Fig. 14(a) revisited. The experimental (black) profile is compared to simulated profiles for He* (red) and He 2 * (green). The simulated signal of He 2 * is scaled to 1 8 of the He* signal. Each profile is vertically offset for reasons of clarity.
by the green trace, and is seen to fill the part of the TOF that was underrepresented by the original simulations (indicated by the vertical green arrow for the experimental trace).
V. CONCLUSIONS AND OUTLOOK
We have presented a type of multistage Zeeman decelerator that is specifically optimized for scattering experiments. The decelerator consists of an array of alternating solenoids and hexapoles, that effectively decouples the longitudinal deceleration and transverse focusing forces. This ensures that phasestable operation of the decelerator is possible over a wide range of velocities. For applications in scattering experiments, this decelerator concept has a number of advantages over existing and experimentally demonstrated Zeeman decelerators. The decelerator can be operated in three distinct modes that make either acceleration, deceleration, or guiding at constant speed possible, enabling the production of molecular packets with a continuously tunable velocity over a wide range of final velocities. Phase stability ensures that molecules can be transported through the decelerator with minimal loss, resulting in relatively high overall 6D phase-space acceptance. Most importantly, this acceptance is distributed unequally between the longitudinal and transverse directions. Both the spatial and velocity acceptances are much larger in the longitudinal than in the transverse directions, which meets the requirements for beam distributions in scattering experiments in an optimal way. At low final velocities, however, losses due to overfocusing occur. In crossed beam scattering experiments, this appears inconsequential, but for trapping experiments, where low final velocities are essential, the use of the concept presented here should be carefully considered. We have discussed various promising options for combating these losses using alternative hexapole designs in the last section of the decelerator. Additionally, Zhang et al. recently proposed a new operation scheme in a Stark decelerator that optimizes the transmitted particle numbers and velocity distributions, which could potentially be translated to a Zeeman decelerator [53] .
The validity of these approaches will need to be investigated further, especially if near-zero final velocities are required.
In a proof-of-principle experiment, we demonstrated the successful experimental implementation of the concept presented here, using a decelerator that consists of 24 solenoids and 25 hexapoles. The performance of the decelerator was experimentally tested using beams of metastable helium atoms. Deceleration, acceleration, and guiding of a beam at constant speed have been demonstrated. The experimental TOF profiles of the atoms exiting the decelerator show excellent agreement with the profiles that result from numerical trajectory simulations. Although the decelerator presented here is relatively short, up to 60% of the kinetic energy of He* atoms that travel with an initial velocity of about 520 m/s could be removed.
In the Zeeman decelerator presented here, we utilize a rather unconventional solenoid design that uses a thick copper capillary through which cooling liquid is circulated. The solenoid design allows for the switching of high currents up to 4.5 kA, using readily available and cheap low-voltage electronics components. The design is mechanically simple, and can be built at relatively low cost. We are currently developing an improved version of the decelerator, that is fully modular, and which can be extended to arbitrary length. The modules can be connected to each other without mechanically disrupting the solenoid-hexapole sequence, while the housing design will allow for the installation of sufficient pumping capacity to maintain excellent vacuum conditions throughout the decelerator. Operation of the Zeeman decelerator consisting of 100 solenoids and 100 hexapoles at repetition rates up to 30 Hz appears technically feasible. • after 100 and 200 deceleration stages, respectively. The graph is filled with dots that represent molecules of NH(X 3 − ,N = 0,J = 1). These particles were initially distributed with a block function that well exceeded the separatrix.
with lower and higher φ 0 , respectively. We show this for deceleration mode in Fig. 19(a) .
In the negative φ 0 range of deceleration mode, the solenoids are turned off early, resulting in only a small amount of deceleration per stage. This is reflected in the kinetic energy change with this mode shown in Fig. 3(a) . With lower φ 0 , less of the slope of the solenoid field is used to decelerate, and more of it is available for longitudinal focusing of the particle beam.
Moreover, the minimum value of φ 0 = −90
• is an arbitrary limit, as even lower values of φ 0 would produce even less deceleration and more longitudinal acceptance. Nevertheless, it is important to remember that this is a theoretical prediction, with the important assumption that the decelerator is of sufficient length that the slower particles have sufficient time to catch up with the synchronous particle. With less deceleration of the synchronous particle per solenoid, this catchup time will increase. This is reflected in the difference in longitudinal phase-space distributions after 100 and 200 stages in Figs. 19(b) and 19(c) , respectively. In these simulations (similar to those shown in Fig. 5 ), a block distribution of NH(X 3 − ,N = 0,J = 1) particles was used that well exceeded the predicted longitudinal separatrix. After 100 stages, the (deformed) corners of the initial block distribution are still visible as they revolve around the synchronous particle in longitudinal phase space. Only after 200 stages of deceleration have these unaccepted particles had enough time to spatially separate from the particles with stable trajectories. This graph also shows that the prediction of the separatrix is quite accurate, and the uniformity of the particle distribution within is evidence of transverse phase stability, even with these extreme values of φ 0 . In acceleration mode, a similar rise in acceptance can be found with increasing φ 0 , which is also visible in Fig. 3(b) .
